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We have studied the encapsidation requirements of Turnip yellow mosaic virus (TYMV) genomic and subgenomic RNA using an
“agroinfiltration” procedure involving transient expression of RNAs and coat protein (CP) in Nicotiana benthamiana leaves. Although N.
benthamiana is a nonhost, expression of TYMV RNA in its leaves by agroinfiltration resulted in efficient local infection and production of the
expected virions containing genomic and subgenomic RNAs together with empty capsids. A nonreplicating genomic RNAwith a mutation in the
polymerase domain was efficiently encapsidated by CP provided in trans, even though RNA levels were a thousand-fold lower than in normal
infections. In contrast, encapsidation of CP mRNAwas not observed under these conditions, even when the CP mRNA had authentic 5′- and 3′-
termini. Deletion of the 3′-tRNA-like structure from the genomic RNA did not alter the encapsidation behavior, suggesting that this feature does
not play a role in the encapsidation of TYMV RNA. Our results indicate differences in the encapsidation process between genomic and
subgenomic RNAs, and suggest an interaction between RNA replication and the packaging of subgenomic RNA.
© 2006 Elsevier Inc. All rights reserved.Keywords: Agroinfiltration; Nicotiana benthamiana; Encapsidation, coupling with replication; Positive strand RNA virusIntroduction
Turnip yellow mosaic virus (TYMV) is a monopartite
positive strand RNAvirus whose 6.3-kb genomic RNA (gRNA)
is encapsidated within 28-nm icosahedral virions. The T=3
viral shells are composed of 180 copies of the 20-kDa coat
protein (CP), which is translated from the 0.7-kb subgenomic
RNA (sgRNA) that is generated during replication. Both gRNA
and sgRNA are encapsidated, and empty particles that lack viral
RNA also accumulate during an infection. The formation of
empty particles is a reflection of the fact that capsid stability is
primarily derived from protein–protein interactions (Canady et
al., 1996; Hirth and Givord, 1985; Matthews, 1981).
The structural properties of filled and empty TYMV particles
have been extensively studied (Hirth and Givord, 1985;
Matthews, 1981) and crystal structures of both types of particle
have been solved (Canady et al., 1996; van Roon et al., 2004).⁎ Corresponding author. Fax: +1 541 737 0496.
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doi:10.1016/j.virol.2006.06.038There has also been considerable effort directed towards
studying the encapsidation process and the basis for selecting
viral RNA. These studies have been hampered by the lack of
success in developing an in vitro packaging system capable of
producing particles enclosing ribonuclease-resistant RNA
(Dreher, 2004; Hirth and Givord, 1985; Matthews, 1981). In
vitro approaches have mostly used artificial top component
(ATC) particles to study the specific binding of TYMV RNA.
ATC particles can be prepared by freezing and thawing from
infectious virions; they lack RNA and probably one hexameric
capsomere of CP molecules (Kuznetsov and McPherson, 2006),
but otherwise have a structure very similar to that of infectious
virions (Katouzian-Safadi and Berthet-Colominas, 1983;
Canady et al., 1996; van Roon et al., 2004). At low pH (4–6),
ATC particles exhibit some specific binding of TYMV RNAs,
apparently through interaction with C-rich regions of the viral
RNA (Bouley et al., 1975; Hirth and Givord, 1985) (TYMV
RNA has 39% C residues). This has led to the hypothesis that
TYMV packaging occurs in zones of low pH associated with
photosynthesizing chloroplasts (Bink et al., 2003; Rohozinski
Fig. 1. Constructs for expression of TYMV RNAs by agroinfiltration. (A)
Constructs for expression of TYMV coat protein (CP) in trans from variants of
the binary vector pCB302-3, whose left and right borders (LB, RB), dual CaMV
35S promoters (black arrow, 35S) and NOS terminator (tNOS) are marked.
Construct CP/pA produces a CP mRNA with a 5′-UTR that includes the Ω
translational enhancer from TMV and a poly(A) tail at the 3′-end. CP/T also
produces a CP mRNAwith the TMV-derived 5′-UTR, but the 3′-end terminates
correctly downstream of the tRNA-like structure (TLS) due to the action of the
HDV ribozyme (Rz). Construct sgTY produces a CP mRNA identical to that
produced during a TYMV infection. (B) Constructs expressing genomic TYMV
RNA. Construct TYW, with 5′-terminal sequence adjacent to the 35S promoter
and the HDV ribozyme adjacent to the 3′-terminal sequence, expresses wild-
type TYMV RNA with authentic 5′- and 3′-termini. GDD (Gly-Asp-Asp)
indicates the wild-type amino acid sequence in the catalytic core of the RNA-
dependent RNA polymerase, replaced with RDD (Arg-Asp-Asp) in the
nonreplicating mutant construct TYR. Construct TYR-T also carries the RDD
mutation, but in addition lacks the TLS.
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the surfaces of chloroplasts that are the sites of RNA replication
(Dreher, 2004; Garnier et al., 1986). It has further led to the
hypothesis that packaging involves the recognition of hairpins
in the 5′ -UTR with distinctive C·C and C·A base pairs that are
stabilized at pH 4.5 (Bink et al., 2002; Bink et al., 2003).
Experiments in plants have provided some evidence in
support of a role for these 5′ hairpins in RNA encapsidation.
Genomic RNAs with deletion of the 5′-UTR hairpins were able
to replicate in Chinese cabbage plants, but were poorly
encapsidated (Bink et al., 2003). However, the 5′-UTR alone
does not appear to be sufficient for packaging, since about 30%
of viral particles did package gRNA in these experiments (Bink
et al., 2003). Further, it has not yet been explored whether
similar hairpins are present in sgRNA to support the packaging
of this RNA. Inspired by the observation that the cell-free
packaging of Brome mosaic virus (BMV) RNAs depends on the
tRNA-like structure (TLS) present at the 3′-end of each of the
four BMV RNAs (Choi et al., 2002), we wondered whether the
TYMV TLS might participate in packaging. The TYMV gRNA
and sgRNA possess at their 3′-end the same 83-nt-long valine-
specific TLS, which has been shown to serve roles in
translational enhancement and the regulation of minus strand
RNA synthesis (Matsuda and Dreher, 2004; Matsuda et al.,
2004).
To explore these questions for TYMV RNA packaging, we
have established an in vivo encapsidation system based on
transient expression of viral RNAs from binary vector DNA
constructs introduced into plant cells via Agrobacterium
tumefaciens (agroinfiltration). Such systems have proven
powerful for encapsidation studies of other plant viruses
(Annamalai and Rao, 2005b; Vlot et al., 2001), allowing
manipulation of the viral RNA to permit the separation of
encapsidation requirements from requirements for other viral
processes such as replication. Using this in vivo system, we
demonstrate that the encapsidation of TYMV RNA is a highly
selective and efficient process even when viral RNA levels are
low. CP provided in trans from a nonreplicating mRNA is able
to efficiently encapsidate gRNA in the absence of viral
replication (due to a mutation of the viral polymerase), but the
CP mRNA is not encapsidated under these conditions, even
when it has the precise terminal structure of authentic sgRNA.
We further show that this pattern of encapsidation is unaltered
when the TLS is deleted, indicating that this element common to
both gRNA and sgRNA is not necessary for encapsidation.
Results
TYMV replication and virion production following
agroinfiltration
We set out to establish and use an in vivo virus assembly
assay system to study TYMV RNA encapsidation, since an in
vitro assembly system is not available for TYMV and because
the in vivo setting has been shown to be preferable for such
studies (Qu and Morris, 1997). To express TYMV RNA or CP
in plant cells, we employed the agroinfiltration method that usesA. tumefaciens for transient expression in leaf cells of intact
plants (Bendahmane et al., 2000). The utility of such an
approach for encapsidation studies has recently been demon-
strated with Alfalfa mosaic virus (Vlot et al., 2001) and Brome
mosaic virus (BMV) (Annamalai and Rao, 2005b). The system
is most flexible when CP is expressed in trans. Construct CP/pA
(Fig. 1A), which produces a CP mRNAwith a heterologous 5′-
UTR and a 3′ poly(A) tail, was used for this purpose. CP was
moderately well expressed from CP/pA upon agroinfiltration of
N. benthamiana leaves (Fig. 2A, lanes 1 and 2), but increased
levels accumulated when three different RNAi suppressor
proteins were coexpressed: Tobacco etch potyviral HCPro
(Anandalakshmi et al., 1998; Kasschau and Carrington, 1998),
Beet yellows closteroviral p21 (Reed et al., 2003) and Tomato
bushy stunt tombusviral p19 (Voinnet et al., 1999) (Fig. 2A).
Because the presence of p19 provided the highest consistent
expression levels of the TYMV CP, all subsequent agroinfiltra-
tions included p19 coexpression. Electron microscopic exam-
ination of extracts from leaves agroinfiltrated with CP/pA
showed the presence of virions similar in appearance to natural
TYMV empty capsids. More than 99% of particles were empty
Fig. 2. TYMV CP expression in N. benthamiana. (A) CP expression from CP/
pA with or without (vec, vector) concomitant expression of viral RNAi
suppressors (HCPro, p21, p19) was examined by Western blot 2 or 4 days after
agroinfiltration. All further agroinfiltrations were performed with simultaneous
p19 expression. (B) Electron micrograph of 28-nm capsids selected from leaf
extracts by immunosorption and negatively stained with 2% ammonium
molybdate. Extracts were prepared from leaves agroinfiltrated with the CP/pA
plus p19 constructs.
Fig. 3. Agroinfiltrated N. benthamiana leaves are able to support TYMV
infection. (A) CP expression directed by the TYWor CP/pA constructs, detected
by Western blot in extracts made 2, 4 or 7 days after agroinfiltration (equal
loadings per lane). TYW expression establishes an infection that produces CP
from subgenomic mRNA. (B) Total RNAs present in extracts made from
infiltrated areas of leaves 7 days after agroinfiltration with the constructs TYWor
CP/pA. RNAs were separated by 1% agarose gel electrophoresis and stained
with ethidium bromide. Markers at left indicate the ribosomal RNAs, while the
arrow at right indicates TYMV genomic RNA; V, marker TYMV virion RNA.
(C) Electron micrograph of 28-nm particles prepared from leaves agroinfiltrated
with the TYW construct as in Fig. 2B. Capsids showing dark centers are empty
particles, whereas the bright virions represent filled particles. Note that all
agroinfiltrations reported in here and Figs. 4, 5 and 6 included expression of the
p19 RNAi suppressor.
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(Fig. 2B). Some staining in the occasional capsid might be
indicative of the presence of small amounts of host RNA, but
this has not been investigated.
For expression of the entire TYMV genome, the 5′ region of
the TYMV cDNAwas linked to a StuI site downstream of dual
CaMV 35S promoters in such a way that RNA expressed from
the construct was expected to have the authentic 5′-terminus of
TYMV genomic RNA (Fig. 1B). An authentic 3′-terminus was
provided by placement of the hepatitis delta virus ribozyme
(Perrotta et al., 1999) downstream of the TYMV sequence
(construct TYW, Fig. 1B). To test the ability of the expression
system to initiate a TYMV infection, leaves of Chinese cabbage,
turnip and N. benthamiana were syringe-infiltrated with A.
tumefaciens harboring the genomic TYMV binary construct
TYW. After 12–13 days, mosaic symptoms were observed in
young upper leaves of Chinese cabbage and turnip plants. In the
case of Chinese cabbage plants, we confirmed TYMV infection
in mosaic leaf areas by the presence of TYMV virions (data not
shown). Agroinfiltrated regions became necrotic in Chinese
cabbage and turnip plants.
In N. benthamiana, no mosaic symptoms were observed in
upper, noninoculated leaves as long as 3 weeks after
agroinfiltration with TYW, consistent with N. benthamiana
being a nonhost for TYMV. TYMV CP was, however, produced
in the inoculated leaf (Fig. 3A), suggesting that viral replicationand generation of the CP subgenomic mRNAwere occurring in
the infiltrated leaves. When total RNA was isolated from
agroinfiltrated leaves 7 days after infiltration and examined by
agarose gel electrophoresis, TYMV genomic RNAwas present
at about the same level as 25S rRNA (Fig. 3B). Examination of
negatively stained extracts by immunosorbent electron micro-
scopy showed that virions indistinguishable from natural viral
particles were produced (Fig. 3C). About 30% of the particles
appeared to be empty, which is typical of tymovirus infections
(Bink et al., 2002).
The combined results of Figs. 2 and 3 demonstrated the
suitability of agroinfiltration of N. benthamiana leaves for
studying TYMV encapsidation.
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agroinfiltrated leaves
Encapsidation studies are most flexibly performed in a
format in which the RNA to be packaged is not able to give
rise to CP. For this purpose, we chose to use a
nonreplicating TYMV construct with a point mutation in
the active site of the RNA-dependent RNA polymerase
domain (Gly-Asp-Asp changed to Arg-Asp-Asp; Fig. 1B)
(Weiland and Dreher, 1993). This mutant is incapable of
replicating its own genome and generating subgenomic RNA
(sgRNA). Western analysis of leaves inoculated withFig. 4. TYMV RNA packaging in N. benthamiana in the absence of replication and
TYW, which produces replicatable wt TYMV RNA, and the nonreplicating constructs
were coinoculated with CP/pA, which provided CP expression in trans. All lanes were
6, which were loaded with 0.01 and 0.1 that amount, respectively. (B) Ethidium
agroinfiltrated with the indicated combination of constructs (lanes 1–4) and RNAs in
to deproteinization (lanes 5–8). Lanes 1 and 2 were loaded with 1 μg of total RNA
loaded in lanes 3 and 4 (as indicated). RNA derived from the equivalent amount o
harvested 7 days (TYW) or 10 days (TYR and TYR-T) after infiltration. The migratio
other prominent bands are rRNAs. (C) Northern blot of the gel shown in panel B probe
mRNA migrates slightly slower than authentic sgRNA. Purified virion RNAs wer
treatment. Experiments were repeated two times with similar results.construct TYR confirmed the failure of this mutant to
support the production of CP (Fig. 4A, lane 3).
To allow encapsidation, construct TYR was coexpressed
in N. benthamiana with construct CP/pA (Fig. 4A, lane 1).
When total RNA from the infiltrated leaves was examined
by agarose gel electrophoresis and by staining with ethidium
bromide, no RNA band corresponding to the TYMV
genomic RNA (gRNA) was evident (Fig. 4B, lane 1).
Obviously, the mutant gRNA is not produced as abundantly
as the wild-type TYMV gRNA that amplifies by replication.
Northern analysis confirmed the production of TYR gRNA
in infiltrated areas, along with similar levels of CP mRNAthe 3′-TLS. (A) Western blot detecting CP expression after agroinfiltration with
TYR and TYR-T. Where indicated, the nonreplicating TYMV genome constructs
loaded with extracts derived from 0.1 g of agroinfiltrated leaf, except lanes 5 and
bromide stained 1% agarose gel separating total RNA extracted from leaves
virion extracts made from the same leaves that survived an RNase treatment prior
derived from agroinfiltrated leaf extracts, while 0.1 and 0.01 that amount were
f agroinfiltrated leaf material was loaded in lanes 5–8 vs. 1–4. Samples were
n positions of genomic (g) and subgenomic (sg) RNAs are indicated at left; the
d with DIG-labeled DNA representing the CP coding sequence. Note that CP/pA
e loaded in lanes 1, 2, 11 and 12; lanes 1 and 2 represent controls for RNase
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the slower migration of CP/pA RNA compared to authentic
sgRNA resulting from the heterologous 5′-UTR and poly(A)
tail.
Electron microscopic analysis showed production of viral
capsids in leaves coinfiltrated with TYR and CP/pA, although
abundance was considerably lower than in leaves infiltrated
with TYW (not shown). The majority of capsids were empty on
the basis of negative staining (97%; 249 out of a total of 257
capsids scored), with only a modest number of brightly stained
capsids judged as being filled.
Ribonuclease treatment of extracts prepared for virion
isolation was used for molecular confirmation of encapsidation.
Extracts made in 0.1 M sodium phosphate, pH 7.0, were treated
with RNase A under conditions in which encapsidated RNA is
protected. Northern analysis showed that TYR gRNA was
protected from RNase action (Fig. 4C, lane 7). As in the case of
wild-type infection originating from the TYW construct, most of
the viral gRNA present in cells was RNase-resistant (Fig. 4C,
lanes 3 vs. 7; lanes 5 and 6 vs. 9 and 10; lanes were loaded with
equivalent amounts of extract without and with RNase
treatment). These results indicate that nonreplicating gRNA
was encapsidated by CP provided in trans, even when the levels
of gRNAwere some 1000 times lower than during a productive
infection (Fig. 4C, cf., lanes 3 and 6).
We were concerned that the RNase protection assay
employed in Fig. 4C might be detecting viral RNAs resident
inside vesicles associated with the outer membranes ofFig. 5. Verification that the ribonuclease protection assay detects encapsidated RNA. (
treated extracts from agroinfiltrated leaves. Total RNAs are represented in lanes 1–
chloroform to remove membranes prior to treatment with ribonuclease. Lanes 9 and
RNase. (B) Northern blot analyzing total RNAs (lanes 1–4) and RNAs present in v
Extracts were treated with chloroform as in panel A.chloroplasts, the sites of RNA replication (Matthews, 1991).
To address this issue, leaf extracts were treated with 0.2
volumes of chloroform to disrupt the membrane structure before
RNase treatment. TYR genomic RNA was still protected from
RNase under these conditions (Fig. 5A, lane 5), indicating that
the RNase protection assay does indeed detect encapsidated
RNA. The absence of RNase-resistant gRNA in virion extracts
made from leaves that had been agroinoculated without a CP
construct (Fig. 5B, lane 5) supported this conclusion. Our
results thus indicate that the trans-encapsidation system we have
established in N. benthamiana leaves efficiently supports the
packaging of nonreplicating RNA and is appropriate for the
mapping of cis-elements required for encapsidation.
The TLS is not required for encapsidation of genomic RNA
A major motivation for these studies was to examine the
possible involvement of the TLS in packaging, as has been
reported for BMV (Choi et al., 2002; Annamalai and Rao,
2005b). To address this question, we constructed a variant of the
nonreplicating TYR lacking the TLS (construct TYR-T; Fig.
1B). In this construct, the HDV ribozyme directed 3′-end
formation at a point 83 nt upstream of the natural 3′-terminus
(24 nt downstream of the CP stop codon). As with TYR,
expression of TYR-T did not result in CP accumulation (Fig.
4A, lane 4), while coexpression with CP/pA resulted in about
2% of capsids judged as being filled under the electron
microscope (not shown).A) Northern blot treated as in Fig. 4, detecting viral RNAs present in chloroform-
4. RNAs present in lanes 5–8 were derived from virion extracts treated with
10 were controls loaded with virion RNA treated (+R) or untreated (−R) with
irion extracts (lanes 5–12) derived from leaves with or without CP expression.
131T.-J. Cho, T.W. Dreher / Virology 356 (2006) 126–135The accumulation of TYR-T gRNA in infiltrated leaves was
similar to that of TYR gRNA (Fig. 4C, lane 4; Figs. 4A and B,
lanes 2). The encapsidation efficiencies of these RNAs, as
determined by RNase protection assay, were also similar (Fig.
4C, lanes 7 and 8; Fig. 5A, lanes 5 and 6; Fig. 5B, lanes 9 and
10). These results indicate that the TLS is not an important
factor in the packaging of TYMV genomic RNA.
Encapsidation of subgenomic RNA and coat protein mRNA
From the results of the RNase protection assay, it was
evident that the subgenomic RNA produced from replicating
TYW RNAwas packaged as efficiently as gRNA (Fig. 4C, lane
10 vs. 6). Interestingly, however, the CP/pA CP messenger
RNA expressed in trans appeared not to be encapsidated (Fig.
4C, lanes 7 and 8; Fig. 5A, lanes 5 and 6). There might be two
explanations for the lack of packaging of CP/pA RNA in these
experiments. First, CP/pA varies from wild-type sgRNA by
inclusion of the TMV Ω element in its 5′-UTR and in
possessing a poly(A) tail but no TLS at its 3′-end; these
differences may interfere with encapsidation. Second, encapsi-
dation of sgRNA may be obligatorily coupled to its production
by viral replication, even though that is not the case for
genomic RNA.
Two variants of the existing CP mRNA construct were
made to address the first possibility. The CP/T construct (Fig.
1A) directs the synthesis of a CP mRNA with the same
modified 5′-UTR containing the TMV Ω element, but with an
authentic TLS terminus at the 3′-end, produced through
cleavage by the HDV ribozyme as for the genomic RNA
constructs. CP/T RNA migrated between CP/pA RNA and
authentic sgRNA during electrophoresis (Figs. 6C and D, lanes
1 and 2). The CP/T construct supported lower levels of CP
production than CP/pA (Fig. 6A), but trans-encapsidation of
TYR and TYR-T genomic RNAs was readily observed (Fig.
6C, lanes 5 and 6). However, the CP/T mRNA itself was not
packaged (Fig. 6C, lanes 5 and 6).
CP mRNA with both the 5′- and 3′-termini of authentic
sgRNA was expressed in trans from construct sgTY (Fig. 1A),
resulting in CP accumulation comparable to that from
construct CP/pA (Fig. 6B). As with constructs CP/pA and
CP/T, CP made from construct sgTY was able to trans-
encapsidate genomic RNA, but sgTY RNA itself was not
encapsidated (Fig. 6D, lane 6).
Discussion
We have established an in vivo experimental system for
dissecting the features that control the selective incorporation
of TYMV RNA into virions. Although Nicotiana benthami-
ana is a nonhost for TYMV, a local infection that produced
high levels of virus (Fig. 3) could be launched via
agroinfiltration of leaves. The resultant viral particles included
about 30% empty capsids (Fig. 3C), a similar proportion
found in natural infections of Chinese cabbage (Bink et al.,
2002). Empty capsids could be produced by expression of CP
alone (Fig. 2). Evidently, the block to TYMV infection ofN. benthamiana is not at the single cell level, but at the
level of viral spread. The yields of viral products were
enhanced by coexpression of viral suppressors of the host
RNA interference response, and our experiments were
routinely conducted in the presence of tombusviral p19.
Nonreplicating genomic RNAs are efficiently encapsidated in
trans
Transient expression of a nonreplicating variant of TYMV
gRNA (TYR) with a mutation in the polymerase active site
resulted in gRNA accumulating to a level about a thousand
fold lower than that present during a wild-type infection (Fig.
4C). The encapsidation of this RNA was studied by
coexpression of CP from a DNA construct (CP/pA). Direct
comparison of total and virion RNAs prepared from the same
agroinfiltrated leaves indicated that most of the TYR gRNA
was encapsidated by the CP provided in trans (Fig. 4C, lanes
3 and 7). The encapsidation efficiency appeared to be similar
to that of wild-type gRNA (TYW) produced during an
infection (Fig. 4C, lanes 5 and 6 vs. 9 and 10), despite the
much lower levels of RNA and CP (Fig. 4A). CP was clearly
present in excess over TYR RNA in these experiments, since
only 3% of particles were filled as judged by electron
microscopy after negative staining. Nevertheless, the effi-
ciency of TYR RNA packaging indicates that it is driven by
strongly selective, high-affinity interactions. In the TYMV
system, the encapsidation of the gRNA is apparently not
coupled to RNA replication as has been described for
poliovirus (Nugent et al., 1999), Kunjin virus (Khromykh et
al., 2001) and Flock house virus (Venter et al., 2005).
Coupling between replication and packaging is considered to
reflect a sequestration of both processes to a region of the
cytoplasm that is enriched in viral products, thereby assisting
in the efficiency and specificity of encapsidation (Nugent et
al., 1999; Venter et al., 2005). The apparent unimportance of
such coupling for TYMV further underscores the specificity
of RNA/CP interactions that should exist in this system.
Encapsidation of TYMV RNA does not require the TLS
The agroinfiltration system we have described will allow
the identification of the cis-acting encapsidation sequences in
TYMV RNA, which might include the conserved hairpin
loops in the 5′-UTR (Bink et al., 2002; Bink et al., 2003). For
the present, in view of our interest in cataloguing the
functions of the TLS, we have investigated whether this 3′-
terminal element is involved in encapsidation. The TLS
present on each of the four BMV RNAs was found to be
required for the encapsidation of BMV RNAs in cell-free
packaging studies, although it could be replaced in trans by
cellular tRNAs (Choi et al., 2002).
We observed no difference between the encapsidation of
nonreplicating gRNA lacking the 3′-TLS (TYR-T) and full-
length gRNA (TYR) (Figs. 4, 5 and 6). Clearly, the expected
high-affinity, selective CP binding sequences are not present in
the TLS. In more recent studies with the BMV system,
Fig. 6. Subgenomic RNA is not packaged in trans by CP. (A and B) Western blots showing CP expression after agroinfiltration with the indicated constructs. (C and D)
Northern blots detecting TYMV RNAs after agroinfiltration with the indicated constructs. Extracts were prepared 7 days (TYW) or 10 days (TYR and TYR-T) after
inoculation. Lanes 9 and 10 are controls for ribonuclease treatment. vRNA, TYMV virion RNA.
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we have used here, it has been observed that BMV RNAs 1 and
2 lacking the TLS were efficiently packaged (Annamalai and
Rao, 2005b), though the situation for RNAs 3 and 4 is not yet
clear. It has also been shown that the cell-free packaging of
Cowpea chlorotic mottle virus RNAs is not affected by removal
of the 3′-TLS (Annamalai and Rao, 2005a). The TLS elements
found at the 3′-ends of a number of plant viral RNAs (Dreher,
1999) thus do not appear to be generally involved in
encapsidation.Subgenomic RNA is poorly encapsidated in the absence of
replication
In wild-type infections, similar proportions (almost all) of
sgRNA and gRNAwere encapsidated (Fig. 4C, lanes 5 and 6 vs.
9 and 10). Our experiments have shown that there are
differences in the encapsidation behaviors of these RNAs,
however, that become evident in a nonreplicating system. With
CP provided by transient expression from agroinfiltrated DNA,
the CP mRNA was not encapsidated. Our initial experiments
133T.-J. Cho, T.W. Dreher / Virology 356 (2006) 126–135utilized a CP mRNA (CP/pA) lacking the authentic 5′- and 3′-
UTRs (Fig. 4C, lanes 7 and 8), but the situation was no different
when CP was expressed from CP/T mRNA (Fig. 6C, lanes 5
and 6) or sgTY mRNA (Fig. 6D, lane 6). These mRNAs possess
authentic 3′, and both 5′- and 3′-termini, respectively (Fig. 1A).
A number of factors might be responsible for the lack of
sgRNA encapsidation under the agroinfiltration conditions.
First, sgRNA may lack high-affinity CP binding sites that
permit the genomic RNA to be fully encapsidated even at the
low RNA concentrations prevailing in our experiments. Lower
affinity binding sites may be sufficient to allow sgRNA to be
adequately packaged at the much higher RNA levels that exist
during an infection. Second, there may be a coupling between
replication and encapsidation as has been described in some
other positive strand RNAviral systems (see above). This could
mean that encapsidation is effectively limited in space to the
proximity of the chloroplast-bound membrane vesicles, the sites
of RNA replication. Interestingly, just this scenario has been
proposed on the basis of ultrastructural observations of TYMV
infections (Hatta and Matthews, 1976; Matthews, 1991). It is
not clear why the encapsidation of sgRNA would be more
dependent than gRNA on a coupling to replication, but a similar
situation has recently been described for BMV. In that system,
subgenomic RNA 4 was poorly encapsidated when expressed
transiently rather than replicatively, whereas the genomic RNAs
were efficiently packaged in trans (Annamalai and Rao, 2005b).
This has been interpreted as reflecting some sort of dependency
on the presence of the viral replication proteins (encoded by
RNAs 1 and 2) (Annamalai and Rao, 2005b; Rao, 2006),
perhaps because they are involved in establishing the vesicular
sites of RNA replication (Schwartz et al., 2002). Third, it has
recently been established for Flock house virus (Venter et al.,
2005) that CP made from an mRNA generated by viral
replication is proficient for efficient encapsidation of viral
RNAs, whereas CP made in trans from a transiently expressed
mRNA is not. This scenario may apply to sgRNA in our
agroinfiltration experiments with TYMV, though apparently not
significantly to gRNA. It is a scenario that suggests viral
replication, translation and encapsidation activities occurring
primarily in a specialized subdomain of the cytoplasm (Venter et
al., 2005), a situation that would enhance the specificity of
encapsidation. This specificity mechanism would appear to be
more critical for Flock house virus, whose CP can package
cellular RNA (Venter et al., 2005) more readily than in the case
of TYMV.
Future studies will focus on identifying the putative high-
affinity CP encapsidation signals in TYMV genomic RNA and
on understanding the different requirements for the encapsida-
tion of genomic and subgenomic RNAs.
Materials and methods
DNA constructs
DNA constructs for expressing TYMV genomic RNA and
coat protein RNA in plant cells were made using the binary
vector pCB302-3 (Xiang et al., 1999). To express coat protein,the CP coding region in pTYMC (Weiland and Dreher, 1989)
was amplified by PCR using the following two primers:
GCTCGGATCCAACATGGAAATCGACAAAGAACTC
(upstream primer; the start codon is in bold, the BamHI site is
underlined) and GCTCTCTAGAATTTTAAAGATCGA-
GAACTTAGGT (downstream primer; the stop codon is in
bold, the XbaI site is underlined). The PCR product was
digested with BamHI and XbaI, and cloned into pCB302-3
between the CaMV 35S promoter and NOS terminator, yielding
construct CP/pA (Fig. 1A). Transcribed mRNA includes the Ω
translational enhancer sequence derived from Tobacco mosaic
virus in the 5′-untranslated region and 18 nt of viral sequence in
addition to vector-derived sequence in the 3′-untranslated
region.
In two additional CP expression constructs the hepatitis delta
virus ribozyme (Perrotta et al., 1999) was placed either adjacent
to the native 3′-terminus or in place of the TLS. To make these
two constructs, the HDV ribozyme sequence was first amplified
using the following primers (HDV sequence italicized): TLS-
5HDV-F (AGGGTCATCGGAACCGGGTCGGCATGG),
3HDV-R (GGTCTCTAGATGGCTCTCCCTTAG; XbaI recog-
nition site underlined), and 5HDV-F (CTTTAAAATCGT-
TAGGGTCGGCATGGCATCTC). The amplified DNAs were
then used as megaprimers (Sarkar and Sommer, 1990) in PCR
amplifications of the CP coding region together with the 3HDV-
R primer and upstream primer: GCTCGGATCCAACATG-
GAAATCGACAAAGAACTC (BamHI site underlined, CP
start codon in bold). The final PCR products were digested with
BamHI and XbaI, and cloned into pCB302-3 to produce
constructs CP/T (with TLS; Fig. 1A) and CP-T (without TLS
sequence). To express authentic TYMV subgenomic RNA
(construct sgTY; Fig. 1A), the DNA from the transcription start
of sgRNA to the HDV sequence of pCB/TYwH (Fig. 1B) was
PCR amplified using the following primers: sgTY-F (5′
AATAGCAATCAGCCCCAACATG 3′; CP start codon in
bold) and sgTY-R (5′ CGGGAATTCTAGATGGCTCTCCCT-
TAG 3′; EcoRI and XbaI recognition sites underlined, HDV
sequence italicized). The PCR product was digested with EcoRI
and inserted between StuI and EcoRI sites of pCass2 (Shi et al.,
1997). After the sequence of the insert was verified, DNA
between HindIII and XbaI sites of the construct, the DNA
containing the 35S promoter and the sgRNA sequence with
HDV, was transferred to pCB302-3. This sgRNA construct was
designated as pCB/sgTY.
To make a construct that produces RNA identical to the
viral genomic RNA, 650 bp of the 5′-end of the TYMV
genome derived from pTYMC (Weiland and Dreher, 1989)
was accurately placed into the StuI site of pCass2. The TYMV
fragment was amplified by PCR using forward primer F1SnaB,
GCACGTACGTAATCAACTACCAATTCCAG and reverse pri-
mer R637Kpn, GTGTGGTACCAACTTTGGGTAGAAGGAT;
TYMC sequences are italicized and SnaBI and KpnI sites
underlined. After sequence verification for correct fusion of the
TYMV 5′-UTR to the 35S promoter, the remainder of the
TYMV genomic sequence from pTYMC was added, using
adapters to replace the HindIII site at the 3′-terminus with
XbaI and EcoRI sites for insertion into pCB302-3 to produce
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To make a construct capable of generating transcripts with
precise 3′-ends by HDV ribozyme cleavage (construct TYw;
Fig. 1B), the segment between the SmaI6061 and XbaI3′ sites
was replaced with that from construct CP/T. Genomic
constructs containing a mutant polymerase coding region
(Fig. 1B) were made by replacing the wild-type DNA between
the internal BamHI1754 and SmaI6061 sites with the TY-
G1663R mutant fragment (Weiland and Dreher, 1993).
Construct TYR-T lacking the TLS was made by replacing
the DNA between the SmaI and XbaI sites with the fragment
from construct CP-T.
Agroinfiltration
A. tumefaciens bacteria (strain GV2260) containing binary
vector constructs were grown for 20–24 h at 30 °C in 2× YT
medium containing 50 μg/ml kanamycin and 30 μg/ml
rifampicin. Bacteria grown overnight at 30 °C in AgroC
medium (2× YT containing 10 mM MES, pH 5.85, 20 μM
acetosyringone, and 50 μg/ml kanamycin) were pelleted and
resuspended in AgroI medium (2× YT containing 10 mMMES,
pH 5.85, 10 mMMgCl2 and 150 μM acetosyringone). Single or
mixed cultures (final OD600 of individual clones was adjusted to
0.5) were incubated at RT for 3–4 h, and then infiltrated into
leaves of N. benthamiana plants with a 1 ml syringe lacking a
needle. Two to ten days after agroinfiltration, the infiltrated
leaves, or the systemic leaves showing mosaic symptoms, were
collected. Leaf samples intended for RNA and protein
extraction were frozen in liquid nitrogen immediately after
collection and stored at −80 °C, while samples intended for
virion preparations were either ground with extraction buffer
immediately after collection or stored at 4 °C until use.
Analysis of coat protein expression
Coat protein expression was examined by SDS/PAGE
followed by Western blot analysis. Leaf samples (0.1 to 0.2 g)
were ground with a mortar and pestle, and then 200 μl of 2×
sample buffer (125 mM Tris–HCl, pH 6.8, 20% glycerol, 4%
SDS, 2% 2-mercaptoethanol, 10 μg/ml bromophenol blue)
was added and the sample boiled for 5 min before storage at
−20 °C. Samples were separated by 12.5% SDS-polyacryla-
mide gel electrophoresis and then electroblotted to nitrocellu-
lose for detection with anti-TYMV rabbit antiserum. The
membrane was exposed to goat anti-rabbit HRP conjugate
(Bio-Rad) and developed using 4-Cl-1-naphthol (Bio-Rad) as
coloring agent.
Ribonuclease protection assay for encapsidated viral RNA
Leaf samples (0.1–0.5 g) were ground with 0.1 M sodium
phosphate buffer (pH 7.0), clarified by centrifugation in a
microfuge, and treated with 5 μg/ml RNase A at 37 °C for 1 h.
After removal of RNase with proteinase K treatment, samples
were extracted twice with phenol/chloroform and ethanol
precipitated in preparation for Northern blot analysis.Total RNA extraction and Northern blot hybridization
Total RNA was isolated from frozen leaf samples using the
RNeasy Plant kit (Qiagen). RNA samples were resuspended in
48% formamide solution containing 10 mM EDTA and
incubated at 65 °C for 10 min before electrophoresis on 1%
agarose gel. RNAs were transferred to Zeta-Probe GT mem-
branes (Bio-Rad) by alkaline capillary transfer using 0.2 N
NaOH. Northern blots were hybridized with a DNA probe
representing the CP open reading frame (nt 5641 to 6231)
labeled with digoxigenin (DIG) and developed by chemilu-
minescent immunodetection of DIG (Roche Molecular
Biochemicals).
Immunosorption electron microscopy
Leaf extracts containing virions were prepared as for the
RNase protection assay. Carbon-coated gold electron micro-
scopy grids (Electron Microscopy Sciences) were glow-
discharged and incubated with TYMV antiserum (diluted
1:1000 with 0.1 M sodium phosphate buffer, pH 7.0) for
5 min. After washing, grids were incubated with leaf extracts
containing virion particles for 1–2 h. After further washing,
samples were negatively stained with 2% ammonium molyb-
date solution before observation in an electron microscope.
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